Neucrin also has one cysteine-rich domain, which is significantly similar to that of mouse Neucrin. Zebrafish neucrin was also predominantly expressed in developing neural tissues.
Introduction
The formation of the nervous system in vertebrates involves a complex process of cell proliferation, differentiation, and cellular rearrangement. Various signaling pathways are activated in a highly coordinated manner to ensure the proper morphogenetic process of neurulation. Secreted signaling molecules such as Wnts, fibroblast growth factors (Fgfs), bone morphogenic proteins (Bmps), and Hedgehogs (Hhs) play crucial roles in neurogenesis by influencing the intracellular signaling events of their neighbors from a distance. Wnts comprise a large family of growth factors that are involved in diverse processes in development and disease (Logan and Nusse, 2004; Mikels and Nusse, 2006) . Wnts can activate different signaling pathways. Among them, the Wnt/b-catenin pathway is the best characterized. Wnt signaling via the signaling component b-catenin regulates cell proliferation, survival and fate in a context-dependent manner. In addition to a Wnt ligand, Wnt/b-catenin signaling involves the Frizzled (Fz) family receptors and a transmembrane co-receptor, LDL receptor-related protein-5 or -6 (LRP5/6) (Mao et al., 2001; Tamai et al., 2000) . In the canonical Wnt/b-catenin pathway, activation of this pathway results in the accumulation and subsequent translocation to the nucleus of b-catenin, where 0925-4773/$ -see front matter Ó 2012 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2012.01.001 it interacts with members of the Tcf/Lef family of transcription factors to regulate the transcription of target genes (Huelsken and Behrens, 2000) . Wnts are subjected to negative regulation by numerous secreted antagonists including the secreted frizzled-related protein (sFRP), Wnt inhibitory factor 1 (Wif1), Cerberus, Wise and members of the Dickkopf (Dkk) family (Niehrs, 2006) . In the absence of Wnt ligands, b-catenin is phosphorylated in a complex of proteins including Axin/ conductin, Adenomatous Polyposis Coli (APC), and glycogen synthase kinase-3b (GSK-3b). The phosphorylation of b-catenin leads to its ubiquitination and degradation (Liu et al., 1999; Marikawa and Elinson, 1998) .
Many secreted signaling proteins and their regulators play crucial roles in cell proliferation and differentiation. The identification and characterization of novel secreted signaling proteins are expected to provide new insights into the mechanism of cell proliferation and differentiation. We identified a number of genes encoding novel secreted proteins from mouse cDNAs of unknown function in the DNA databases. Among these proteins, we reported Ectodin, Neudesin, Brorin, and Brorin-like. Ectodin plays crucial roles in tooth morphogenesis (Kassai et al., 2005; Laurikkala et al., 2003) . Neudesin, Brorin, and Brorin-like are potentially involved in neural development (Kimura et al., 2005 (Kimura et al., , 2006 Koike et al., 2007; Miwa et al., 2009) . Recently, we also identified Neucrin, a novel secreted antagonist of the Wnt/b-catenin pathway, in humans and mice . Dkks, which are secreted Wnt antagonists, contain two conserved cysteine-rich domains. The cysteine-rich domains have a characteristic spacing of cysteine residues and other conserved amino acids. Outside of the domains, Dkks show little sequence similarity (Brott and Sokol, 2002; Li et al., 2002; Niehrs, 2006) . The second domain alone is sufficient for Wnt antagonist activity (Brott and Sokol, 2002; Li et al., 2002) . In contrast, Neucrin has only one cysteine-rich domain, which corresponds to the second domain, in its carboxyl terminal region ). The positions of ten cysteine residues in the cysteine-rich domain of Neucrin are similar to those in the second cysteinerich domain of members of the Dkk family, although other amino acid residues of the domain are less similar to those of Dkks ). In addition, except for the cysteine-rich domain, Neucrin has no primary structural similarity to any known proteins including Dkks ). Nevertheless, Neucrin as well as Dkks binds to LRP6 and inhibits the stabilization of cytosolic b-catenin, indicating that Neucrin is a unique member of the Dkk family ). Mouse Neucrin is predominantly expressed in developing neural tissues . Neucrin is identical to Draxin, a secreted repulsive guidance protein for mouse spinal cord and forebrain commissures which shares no homology with known guidance cues (Islam et al., 2009) . Draxin-deficient mice show the defasciculation of spinal cord commissural axons and an absence of forebrain commissures (Islam et al., 2009) . However, the roles of Neucrin/Draxin in early neural development remain to be elucidated. The functions of zebrafish genes can be effectively blocked by antisense morpholino oligonucleotides (MOs) in vivo (Nasevicius and Ekker, 2000) . To understand the functions of Neucrin in vertebrate embryos, in the present study we have identified zebrafish neucrin and examined its roles with loss and gain of function experiments. We demonstrate that Neucrin is implicated in cell proliferation and survival in the zebrafish central nervous system (CNS). Furthermore, it is suggested that Neucrin is involved in roof plate development in the midbrain and hindbrain, and in neuronal differentiation.
Results

Identification of zebrafish neucrin
To address the roles of Neucrin during neural development in vertebrate embryos, we identified the zebrafish neucrin gene by a homology-based search of the zebrafish nucleotide sequence database with the amino acid sequence of mouse Neucrin . Zebrafish Neucrin is a putative secreted protein of 360 amino acids with a putative signal sequence (23 amino acids) at its amino-terminus and a cysteine-rich domain in its carboxyl terminal region (AB301920) (Fig. 1A) . Positions of ten cysteine residues in the cysteine-rich region are quite similar to those of mouse Neucrin ). In addition, the amino acid sequence of the carboxyl terminal region (130 amino acids) of zebrafish Neucrin is similar (71% identity) to that of mouse Neucrin. However, in other regions (230 amino acids), zebrafish Neucrin is less similar to mouse Neucrin .
The coding region of zebrafish neucrin is divided by 5 introns. The coding region of mouse Neucrin is also divided by 5 introns, the positions of which are quite similar to those of zebrafish neucrin (Fig. 1A) ). Zebrafish neucrin is closely linked to pank4 on zebrafish chromosome 11. Mouse Neucrin and human NEUCRIN are also closely linked to Pank4 on mouse chromosome 4 at E1 and to PANK4 on human chromosome 1 at p36.22, respectively (Fig. 1B) . These results also indicate that zebrafish neucrin is a zebrafish orotholog of mouse Neucrin.
Expression of neucrin in zebrafish embryos
The spatial and temporal patterns of neucrin expression in zebrafish embryos were examined by whole mount in situ hybridization. neucrin expression was first detected at low levels at 8 hpf in the posterior part of the embryo ( Fig. 2A) . By 8.5 hpf, the expression was intensified in the presomitic mesoderm and posterior neuroectoderm, but was excluded from the medial region (Fig. 2B) . The expression persisted in the trunk region during gastrulation and remained excluded from notochord precursors ( Fig. 2C and D) . By 14 hpf, the expression was found in the diencephalon, hindbrain, spinal cord and somites ( Fig. 2E and F) . In addition, the expression was detected bilaterally, in tightly clustered cell groups in the ventrorostral forebrain at 14 hpf (Fig. 2E) . The expression was maintained in the brain and the somites at 16 hpf ( Fig. 2G) . At 24 hpf, neucrin was expressed in the pallial telencephalon, anterior diencephalon, pretectum, dorsal midline of the tectum, lateral region of the hindbrain, and spinal cord ( Fig. 2H and I; Fig. S1 ). The expression was detected at low levels in the dorsal region and ventral midline of the tegmentum (Fig. S1A) . neucrin was also expressed in the ventronasal retina (Fig. 2J) . Notably, the expression in the somites was not observed at 24 hpf (Fig. S1C) . The expression was maintained in neural tissues including the brain and the spinal cord at 36 hpf (Fig. 2K) . The neural tissue-specific expression pattern of neucrin in zebrafish embryos is essentially consistent with that of Neucrin in mouse embryos.
Inhibition of Neucrin functions in zebrafish embryos
To examine the roles of neucrin in zebrafish development, we performed knockdown experiments with MOs. We injected two independent non-overlapping MOs (MO1 and MO2) for neucrin into zebrafish 2-cell embryos (Fig. 3A) . MO1 and MO2 are splice-site-targeted MOs that could efficiently block the splicing of the neucrin mRNA precursor in zebrafish embryos. The expression of mature neucrin mRNA examined by reverse transcription-polymerase chain reaction (RT-PCR) was greatly decreased in neucrin MO1-injected and neucrin MO2-injected embryos (Fig. 3B) . The knockdown of neucrin impaired the development of the somites at 12 hpf (MO1, n = 34/ 42 and MO2, n = 37/43) ( Fig. S2A-C) . Most embryos died during somitogenesis. The specificity of the phenotype was confirmed by RNA rescue experiments. The co-injection of neucrin RNA with neucrin MO1 rescued the somite defects caused by neucrin MO1 (n = 12/16) (Fig. S1D) .
The expression of neucrin in zebrafish embryonic brain suggests that neucrin might contribute to the brain's formation. However, most embryos injected with neucrin MOs into 2-cell embryos died by 24 hpf. Neuroectodermal derivatives mostly result from four central blastomeres at the 16-cell stage (Helde et al., 1994; Wilson et al., 1995) . To examine the roles of neucrin in the brain's formation, neucrin MO1, neucrin MO2 or control MO was injected into four central blastomeres of zebrafish 16-cell embryos. Neural development, including eye formation, in zebrafish embryos, appeared to be impaired by the knockdown of Neucrin functions by neucrin MOs (embryos had the full suite of defects, MO1, n = 19/23 and MO2, n = 20/26) but not by control MO (n = 25/25) ( Fig. 3C-H; Fig. S3A-C) . MO elicits undesirable off-target effects, and co-knockdown of Tp53 rescues the off-target effect of MOs (Gerety and Wilkinson, 2011) . The co-injection of tp53 MO with neucrin MO1 did not prevent the impaired neural development including eye formation caused by neucrin MO1 (n = 15/18) ( Fig. 3I, J ; Fig. S3D and E). We examined whether the overexpression of neucrin could rescue the phenotype of neucrin MO1-injected embryos at 24 hpf. The co-injection of neucrin RNA with neucrin MO1 rescued the impaired neural development including eye formation caused by neucrin MO1 (n = 18/19) ( Fig. 3K; Fig. S3F ). We examined the histology of the eyes in wild-type and neucrin MO1-injected embryos. In wild-type embryos at 3 dpf, the retina showed a characteristic stratification into three nuclear layers and two plexiform layers (Fig. 3M) . However, the stratification of retinal layers did not occur and the eye exhibited a reduction in size in neucrin MO1-injected embryos (Fig. 3N ).
2.4.
Effect of neucrin on the expression of the Wnt/bcatenin target genes
The Wnt/b-catenin signaling pathway positively regulates cell cycle progression and negatively regulates cell cycle exit in part through cyclin D1 (Megason and McMahon, 2002) . Furthermore, Axin2 is a direct target gene of the canonical Wnt signaling pathway in mice and zebrafish (Jho et al., 2002; Peng and Westerfield, 2006) . Mouse Neucrin antagonized the canonical Wnt/b-catenin signaling in vitro . Therefore, we examined whether the knockdown of neucrin leads to increased expression of the Wnt/b-catenin target genes, axin2 and cyclin D1, in embryos at 24 hpf after microinjection at the 16-cell stage. The expression of axin2 was upregulated in neucrin MO1-injected embryos at 24 hpf (n = 20/20) ( Fig. 4A and B) . cyclin D1 was also upregulated in neucrin MO1-injected embryos at 24 hpf (n = 18/18) ( Fig. 4C  and D) . Furthermore, we performed quantitative real-time RT-PCR (qRT-PCR) analysis on mRNA generated from wildtype embryos and embryos injected with neucrin MO1. The expression of axin2 and cyclin D1 was quantified in embryos at 11 hpf after microinjection at the 2-cell stage. The expression levels of axin2 and cyclin D1 were significantly increased in neucrin MO1-injected embryos at 11 hpf (Fig. 4G ). These results indicate that Wnt/b-catenin pathway target genes are overactivated in neucrin MO1-injected embryos.
Injection of neucrin RNA impaired brain and eye formation at 24 hpf (n = 21/30) ( Fig. 3L ; Fig. S3G ). Therefore, we examined the effects of neucrin overexpression on the expression of the Wnt/b-catenin target genes. At 24 hpf, the expression of axin2 was reduced in neucrin RNA-injected embryos (n = 11/15) ( Fig. 4E and F) . Furthermore, we performed quantitative real-time RT-PCR (qRT-PCR) analysis on mRNA generated from neucrin RNA-injected embryos. The expression levels of axin2 and cyclin D1 were significantly decreased in neucrin RNA-injected embryos at 11 hpf (Fig. 4G) .
Wnt8a induces the expression of sp5l, which is general target of canonical Wnt/b-catenin signaling, in zebrafish (Weidinger et al., 2005) . The injection of wnt8a RNA enhanced the expression of sp5l, whereas the injection of neucrin RNA decreased the expression of sp5l at 8 hpf (n = 22/25 and n = 13/18, respectively) ( Fig. S4A-C) . Furthermore, we examined whether Neucrin can inhibit Wnt8a signaling. The coinjection of neucrin RNA with wnt8a RNA decreased the expression of sp5l enhanced by Wnt8a (n = 21/28) (Fig. S4D ). In contrast, the injection of neucrin RNA resulted in expansion of otx2 expression domains at 8 hpf (n = 4/6) ( Fig. S4E and F) . These results suggest that Neucrin can antagonize canonical Wnt/b-catenin signaling in vivo. Furthermore, we transplanted neucrin-overexpressing cells into the axial, where Wnt activity is already low due to endogenous Dkk1 expression, and non-axial mesoderm of wild-type embryos to assess the distance over which Neucrin acts to antagonize Wnt signaling. Transplanted wild-type donor cells (brown), which expressed sp5l themselves, did not affect sp5l expression in the surrounding host regions (Fig. 4H ). In contrast, the expression of sp5l was suppressed in transplanted neucrin-overexpressing cells (brown) and transplanted neucrin-overexpressing cells suppressed sp5l expression in the surrounding host regions ( Fig. 4I and J). These results indicate that Neucrin probably act in an autocrine/paracrine manner.
Effect of neucrin knockdown on dorsal CNS development
To investigate the involvement of neucrin in anteroposterior (AP) patterning, we examined the expression of anterior and posterior marker genes, otx2 and krox-20, respectively, in embryos at 10 and 19 hpf after microinjection at the 16-cell stage. The expression of otx2 was unaffected in neucrin MO1-injected embryos at 10 and 19 hpf (n = 13/13 and n = 12/12, respectively) (Fig. S5A, B , E, and F; Table 1 ). krox-20 was also expressed normally in the third and fifth rhombomeres of neucrin MO1-injected embryos at 10 and 19 hpf (n = 27/27 and n = 11/11, respectively) ( Fig. S5C and D ; Table  1 ). Furthermore, we examined whether the specification of eye precursors and notochord could be affected by the injection of neucrin MO1 at the 16-cell stage. The expression of rx3, an eye field marker gene at the earliest stage, was unaffected in neucrin MO1-injected embryos at 10 hpf (n = 27/27) ( Fig. S5G and H ; Table 1 ). ntla, marker of the notochord, also was expressed normally in neucrin MO1-injected embryos at 11 hpf (n = 19/19) ( Fig. S5I and J) . These results indicate that AP patterning, eye field formation and non-neuronal differentiation in the early stage is unaffected by the injection of neucrin MO1 at the 16-cell stage.
At 24 hpf, neucrin was highly expressed in the roof plate of the midbrain and the dorsal region of the hindbrain. Therefore, we investigated whether neucrin was involved in dorsal CNS development. neucrin MO1 was injected at the 16-cell stage. At 24 hpf, lmx1b.2 is expressed in the roof plate of the midbrain and hindbrain, ventral diencephalon, midbrainhindbrain boundary (MHB), and ventral serotonergic neurons (Fig. 5A) . In neucrin MO1-injected embryos, the expression of lmx1b.2 was upregulated in the dorsal region of the midbrain and hindbrain and the expression domain was expanded, whereas lmx1b.2 expression was lost in ventral serotonergic neurons (n = 16/19) (Fig. 5B) . Therefore, we examined whether the knockdown of neucrin had any effect on serotonergic (5-hydroxytryptamine (5HT)) neuron differentiation. neucrin MO1-injected embryos showed a significant reduction of hindbrain 5HT-immunoreactivity neurons at 48 hpf (n = 10/11) (Fig. S7 ). In the dorsal region of the midbrain and hindbrain, co-injection of neucrin RNA with neucrin MO1 rescued the expanded expression of lmx1b.2 caused by neucrin MO1 (n = 17/ 17) (Fig. S6A ). In addition, lmx1b.2 expression in ventral serotonergic neurons was detected normally in the embryos injected with both neucrin MO1 and neucrin RNA (n = 17/17) (Fig. S6A) . Furthermore, we analyzed the expression of wnt1 and msxb, markers for the dorsal midbrain and hindbrain. At 24 hpf, wnt1 is expressed in the midbrain roof plate, MHB, and dorsal hindbrain (Fig. 5C) . msxb is expressed in the midbrain roof plate, cerebellum, and dorsal hindbrain at 24 hpf (Fig. 5E) . In neucrin MO1-injected embryos, the expression of wnt1 and msxb was also upregulated in the dorsal midbrain and hindbrain and their expression domains were expanded (n = 21/21, n = 12/12), respectively ( Fig. 5D and F) . On the other hand, the expression of pax7a, a dorsal marker gene, was reduced in the dorsal region of the midbrain and hindbrain in neucrin MO1-injected embryos at 19 hpf (n = 12/ 12) ( Fig. 5G and H ; Table 1 ). In neucrin MO1-injected embryos, the expression of nkx6.2, a ventral marker gene, was unaffected in the ventral region of the midbrain, hindbrain, and spinal cord, at 19 hpf (n = 14/14) ( Fig. 5I and J ; Table 1 ). These results indicate that neucrin is required for development of dorsal CNS.
Effect of neucrin knockdown on neuronal differentiation
A significant reduction of hindbrain serotonergic neurons in embryos injected with neucrin MO1 indicate that neuronal differentiation may be affected; therefore, we examined whether the injection of neucrin MO1 at the 16-cell stage affected neuronal differentiation. First, the expression of the basic helix-loop helix (bHLH) proneural genes, ngn1 and neurod4, was analyzed in neucrin MO1-injected embryos at 24 hpf. The expression of ngn1 and neurod4, which are normally detected in the dorsal telencephalon, diencephalon, midbrain, hindbrain and spinal cord at 24 hpf, was strongly reduced in neucrin MO1-injected embryos (n = 9/9 and n = 12/ 12, respectively) (Fig. 6A, B, D , and E). Co-injection of neucrin MO1with tp53 MO resulted in the same change in the expression of ngn1 (n = 12/14) (Fig. 6G) . On the other hand, co-injection of neucrin RNA with neucrin MO1 rescued the reduction of ngn1 expression caused by neucrin MO1 (n = 15/15) (Fig. S6B) . We also analyzed the expression of isl1, a neuronal marker gene. At 24 hpf, isl1 was expressed in the ventral telencephalon, anterior ventral thalamus, hindbrain, epiphysis, pharyngeal arch, trigeminal ganglion, primary motor neuron, and pancreatic bud. In neucrin MO1-injected embryos, the expression of isl1 was normally detected in the pancreatic bud, whereas isl1 expression was virtually absent in the ventral telencephalon, anterior ventral thalamus and epiphysis, and was reduced in the other regions (n = 13/13) ( Fig. 6C and F) . Co-injection of neucrin RNA with neucrin MO1 rescued the reduction of isl1 expression caused by neucrin MO1 (n = 16/ 16) (Fig. S6C) . Furthermore, we examined whether the earlier patterning of areas where isl1-expressing neurons would form could be affected by the injection of neucrin MO1. The expression of dlx2a, which is normally detected in the ventral neucrin-overexpressing donor cells transplanted into the axis (I) and non-axial mesoderm (J) did not express sp5l (white arrows) and suppressed sp5l expression in the surrounding host regions (white arrowheads) at 9 hpf. Scale bar: 100 lm.
telencephalon and anterior ventral thalamus, was unaffected in neucrin MO1-injected embryos at 16 hpf (n = 14/15) ( Fig. S5K and L). This indicated that areas in which isl1-expressing neurons would form were established at 16 hpf. These results suggest that neucrin is required for neuronal differentiation.
Effect of neucrin on cell proliferation and survival
The Wnt/b-catenin target gene, cyclin D1, was overactivated in neucrin MO1-injected embryos at 24 hpf. Therefore, we examined proliferating cells in wild-type, neucrin MO1-injected and neucrin RNA-injected embryos at 24 hpf. neucrin MO1 was injected at the 16-cell stage. Phosphorylated histone H3 (H3P) was specifically detected in proliferating cells (Hendzel et al., 1997) . We identified proliferating cells as H3P-positive cells. At 24 hpf, H3P-positive cell numbers in the hindbrain were significantly increased in neucrin MO1-injected embryos (Fig. 7A, B , and E). In contrast, H3P-positive cell numbers in the hindbrain were significantly decreased in neucrin RNA-injected embryos ( Fig. 7C and E) . Furthermore, co-injection of neucrin RNA with neucrin MO1 significantly decreased the number of H3P-positive cells compared with neucrin MO1-injected embryos ( Fig. 7D and E) . These results indicate that neucrin appears to counteract cell proliferation. The wild-type and neucrin MO1-injected embryos were also assayed for apoptotic cells via TUNEL labeling. At 10 hpf, apoptotic cells were not detected in neucrin MO1-injected embryos (n = 9/9) (data not shown). However, the number of apoptotic cells in neucrin MO1-injected embryos at 14 and 24 hpf was increased in comparison with that in the wild-type embryos (n = 9/11 and n = 9/9, respectively) ( Fig. S8; Fig. 7F and G). The co-injection of tp53 MO with neucrin MO1 did not prevent increased apoptosis caused by neucrin MO1 at 24 hpf (n = 13/14) (Fig. 7H) . On the other hand, the co-injection of neucrin RNA with neucrin MO1 rescued apoptosis caused by neucrin MO1 at 24 hpf (n = 15/18) (Fig. 7I) . These results suggest that neucrin is required for cell survival.
Discussion
neucrin inhibits canonical Wnt/b-catenin signaling
Wnts play crucial roles in diverse processes in development and disease (Logan and Nusse, 2004; Mikels and Nusse, 2006) . Wnts are subjected to negative regulation by numerous secreted antagonists (Niehrs, 2006) . Dkks, which are secreted Wnt antagonists, contain two conserved cysteine-rich domains; the N-terminal (first) domain and the C-terminal (second) domain, the second domain alone being sufficient for Wnt antagonist activity (Brott and Sokol, 2002; Li et al., 2002) . A neural-specific secreted antagonist of canonical Wnt signaling, Neucrin, which we identified, has only one cysteine-rich domain in its carboxyl terminal region ). The positions of ten cysteine residues in the cysteine-rich domain are similar to those in the second cysteine-rich domain of members of the Dkk family, although the amino acid sequence of the domain is less similar to that of Dkks. In the present study, we identified zebrafish neucrin. Zebrafish Neucrin also has one cysteine-rich domain. Although the amino acid sequence of the carboxyl terminal region (130 amino acids) of zebrafish Neucrin including the cysteine-rich domain is significantly similar to that of mouse Neucrin, the other regions (230 amino acids) of zebrafish Neucrin are not similar to those of mouse Neucrin. However, we concluded that Neucrin is a zebrafish ortholog of mouse Neucrin judging from their conserved intron-exon organization and conserved syntenic relationship. Furthermore, no paralog of the neucrin gene has been found in the zebrafish genome. These results indicate that the functional domain of Neucrin might be located in the carboxyl terminal region including the cysteine-rich domain. unaffected (n = 14/14) AP patterning marker otx2 (10 hpf) unaffected (n = 13/13) otx2 (19 hpf) unaffected (n = 12/12) rx3 (10 hpf) unaffected (n = 27/27) krox20 (10 hpf) unaffected (n = 27/27) krox20 (19 hpf) unaffected (n = 11/11) Dkks that have cysteine-rich domains in their carboxyl terminal region are secreted Wnt antagonists and inhibit the canonical Wnt/b-catenin signaling pathway (Brott and Sokol, 2002) . Overexpression of neucrin decreased not only the expression of targeted genes, sp5l, of Wnt/b-catenin signaling enhanced by excess Wnt8a signaling but also the endogenous expression of sp5l at 8 hpf. On the other hand, neuroectodermal otx2 expression domains, marking the prospective forebrain and midbrain, were expanded in neucrin RNA-injected embryos at 8 hpf. Aberrant Dkk1 expression leads to expanded expression of anterior neuroectoderm marker otx2 in zebrafish Shinya et al., 2000) . However, the activity of Neucrin is weaker than that of Dkk1. This result indicates that Neucrin has a role similar to but distinct from that of Dkk1. Overexpression of neucrin caused decreased expression of the Wnt/b-catenin target genes at 11 and 24 hpf. In neucrin MO1-injected embryos, the expression of the Wnt/b-catenin target genes was upregulated at 11 and 24 hpf. These results indicate that Neucrin inhibits canonical Wnt/b-catenin signaling in vivo. Secreted Neucrin bound to LRP6 but not Fz8 . Exogenous Neucrin inhibited the stabilizing effect on b-catenin caused by Wnt3a . neucrinoverexpressing cells transplanted into wild-type embryos suppressed the expression of sp5l in the surrounding host regions, indicating that Neucrin probably act in an autocrine/paracrine manner. Thus, it is suggested that Neucrin functions as a secreted Wnt antagonist in vivo.
neucrin is required for dorsal CNS development
The expression pattern of Neucrin is distinct from that of members of the Dkk family (Krupnik et al., 1999; Niehrs, 2006; Miyake et al., 2009) . To examine neucrin functions in neural development, we used two different types of splicedsite-targeted neucrin MO1 and MO2. Injection of neucrin MO1 or MO2 into zebrafish embryos at the 16-cell stage resulted in similar morphological abnormalities in the neural tissues and eyes. These results indicate that Neucrin potentially has roles in neural development. However, the expression of otx2, krox-20, rx3, and ntla was unaffected in neucrin MO1-injected embryos. These results indicate that neucrin is not required for AP patterning, eye field formation and nonneuronal differentiation.
The roof plate is an important signaling center that controls dorsal CNS patterning, specification, and differentiation of adjacent neurons through secretion of the Bmp and wnt signaling molecules. Roof-plate cells are induced to form by Bmp signals from the epidermal ectoderm and develop at the dorsal midline of the neural tube (Liem et al., 1995) . Wnt signaling acts downstream of Bmp signaling in both the chick and mouse developing spinal cord (Chesnut et al., 2004; Panchision et al., 2001) . Msx genes also have been implicated as downstream targets of Bmps and members of the Msx family are induced to express in regions where Bmp signaling is active, such as the hindbrain, spinal cord, telencephalon, tooth, facial primordium and limb (Barlow and Francis-West, 1997; Bei and Maas, 1998; Furuta et al., 1997; Ganan et al., 1996; Graham et al., 1994; Liem et al., 1995; Shimeld et al., 1996; Timmer et al., 2002; Vainio et al., 1993) . Msx1 is required for an induction of roof-plate cell fate. The zebrafish msx gene family comprises five members, msxa-msxe (Ekker et al., 1997) . We detected msxb expression in the midbrain roof plate. Overexpression of Msx1 induces the ectopic expression of Lmx1 and Wnt1 . Lmx1b is sufficient to induce a functional roof plate to form in the hindbrain and the developing spinal cord (Chizhikov and Millen, 2004; Mishima et al., 2009) . In zebrafish, overexpression of lmx1b.2 induces the ectopic expression of wnt1 (O'Hara et al., 2005) . In the midbrain and hindbrain, the expression of msxb, lmx1b.2 and wnt1 was increased in embryos injected with neucrin MO1 at the 16-cell stage. This result suggests that the injection of neucrin MO1 probably result in an expansion of the roof plate in the midbrain and hindbrain. The increased expression of wnt1 and lmx1b.2 in embryos injected with neucrin MO1 may be due to an expansion of msxb expression. msxb expression in the fin is suppressed by Dkk1 overexpression (Kawakami et al., 2006; Stoick-Cooper et al., 2007) . This suggests that Wnt/b-catenin signaling regulates msxb expression. Therefore, neucrin may function to suppress the mediolateral extent of the msxb expression domain from the center of the roof plate. Because pax7a is not expressed in the roof plate, a defect in roof plate development may cause a decreased expression of pax7a in the dorsal region of the midbrain and hindbrain in neucrin MO1-injected embryos. Thus, neucrin is involved in development of dorsal CNS by controlling the expression of msxb, wnt1, lmx1b.2, and pax7a.
3.3.
neucrin is required for cell survival and differentiation in the neural tissues Ngn1 and Neurod4 play an important role in neurogenesis and are known to be sufficient for conferring neuronal identity on uncommitted precursors (Farah et al., 2000; Nieto et al., 2001; Sun et al., 2001 ). The expression of ngn1 and neurod4 was reduced in neucrin MO1-injected embryos. Furthermore, isl1 expression was completely eliminated in the ventral telencephalon, anterior ventral thalamus and epiphysis, and was reduced in the hindbrain, thus suggesting that neucrin is involved in neuronal differentiation. Previous studies reported that overactivation of canonical Wnt/b-catenin signaling can lead to apoptosis (Damalas et al., 1999; Hasegawa et al., 2002) . Draxin-deficient mice show a smaller hippocampus due to apoptosis (Zhang et al., 2010) . In neucrin MO1-injected embryos, the expression of the Wnt/b-catenin target genes and the number of apoptotic cells were increased in the CNS at 14 and 24 hpf. Our results demonstrate that the regulation of Wnt/b-catenin signaling by Neucrin is required for cell survival in the CNS. Therefore, increased cell death might, in part, cause defective neurogenesis. However, the expression of proneural and neuronal genes was reduced in several areas, where apoptotic cells were scarcely detectable, of neucrin MO1-injected embryos. The expression of dlx2a was detected normally in the ventral telencephalon and anterior ventral thalamus of neucrin MO1-injected embryos at 16 hpf. This indicated that areas where isl1-expressing neurons would form were established at 16 hpf, and the loss of isl1 expression in the ventral telencephalon and anterior ventral thalamus was not due to the elimination of areas where isl1-expressing neurons would form by earlier patterning defects in neucrin MO1-injected embryos. The expression of neucrin was not detected in the ventral telencephalon, whereas the expression of isl1 was absent in the ventral telencephalon of neucrin MO1-injected embryos. As co-injection of neucrin RNA with neucrin MO1 rescued the reduction of isl1 expression caused by neucrin MO1, it was unlikely that the loss of isl1 expression in the ventral telencephalon of neucrin MO1-injected embryos was due to an off-target effect. Neucrin is a secreted protein and probably act in an autocrine/paracrine manner. Therefore, we speculate that neucrin expressed in the dorsal telencephalon and/or anterior diencephalon affects isl1 expression in the ventral telencephalon. However, we cannot rule out the possibility that isl1 expression in the ventral telencephalon is suppressed by the secondary effect caused by inhibition of neucrin. Thus, it indicated that neucrin is involved in neuronal differentiation. In neucrin MO1-injected embryos, lmx1b.2 expression was lost in ventral serotonergic neurons at 24 hpf. Furthermore, neucrin MO1-injected embryos showed a marked reduction of hindbrain serotonergic neurons at 48 hpf. On the other hand, the expression of lmx1b.2 in ventral diencephalon was detected in neucrin MO1-injected embryos. It is suggested that neucrin is required for the development of ventral serotonergic neurons in the hindbrain.
neucrin regulates proliferation in the neural tissues
In embryos injected with neucrin MO1, the number of proliferating cells was increased; therefore, Neucrin negatively regulates cell proliferation. Wnt1 acts as a mitogenic factor in the dorsal neural tube by promoting the expression of cell cycle regulators, and Cyclin D1 is a possible direct transcriptional target of mitogenic Wnt signaling (Megason and McMahon, 2002) . Consistently, the expression of wnt1 and cyclin D1 was increased in the dorsal CNS of embryos injected with neucrin MO1. Wnt signaling plays a mitogenic role in the midbrain, hindbrain and spinal cord of vertebrates (Chesnutt et al., 2004; Ikeya et al., 1997; Lekven et al., 2003; Megason and McMahon, 2002; Panhuysen et al., 2004) . In the spinal cord, the Wnt/b-catenin pathway positively regulates cell cycle progression and negatively regulates cell cycle exit (Megason and McMahon, 2002) . Therefore, Neucrin may inhibit Wnt-mediated proliferation. Activation of the Wnt/ b-catenin pathway not only promotes proliferation of the neural precursor but also inhibits neuronal differentiation at an early stage in the spinal cord (Ille et al., 2007) . Wnt/bcatenin signaling regulates msxb expression (Kawakami et al., 2006; Stoick-Cooper et al., 2007) . In the dorsal CNS, msxb expression was increased in embryos injected with neucrin MO1. Msx1 acts as a negative regulator of differentiation (Bendall et al., 1999; Hu et al., 2001; Liu et al., 2004; Song et al., 1992; Woloshin et al., 1995) . This is achieved through its ability to repress the transcription of differentiation genes such as MyoD and Ngn1 (Bendall et al., 1999; Liu et al., 2004) and to regulate the expression and activity of cell cycle molecules such as Cyclin D1 and CDK4 (Hu et al., 2001 ). In neural cell lines, overexpression of Sox1, which binds to b-catenin and suppresses b-catenin-mediated TCF/LEF signaling promoted exit from the cell cycle and activated ngn1 expression (Kan et al., 2004) . Misexpression of ngn1 induced the ectopic expression of neurod4 (Kim et al., 1997) . b-Catenin directly targets Isl1 and overexpression of Wnt inhibitors in chick embryos shows the expansion of Isl1 (Lin et al., 2007; Nathan et al., 2008) . No secreted antagonists, which inhibit Wnt-mediated proliferation and promote differentiation in neural tissues, have yet been identified. We expect that neucrin represses msxb expression by inhibiting Wnt/bcatenin signaling in neural tissues, inhibits proliferation, and promotes differentiation.
In the present study, neucrin inhibited Wnt/b-catenin signaling in vivo and was involved in cell proliferation and survival in the zebrafish CNS. Furthermore, it was suggested that neucrin was involved in roof plate development and neuronal differentiation. The present findings should provide new insights into roles of Wnt signaling in dorsal CNS development. However, it is not clear whether Neucrin/Draxin is involved in cell proliferation, differentiation, and dorsal CNS development in mice. This will be addressed in a future study. Draxin-deficient mice show defasciculation of spinal cord commissural axons and an absence of forebrain commissures (Islam et al., 2009) . Recently, it also has been reported that Wnts function as axon guidance molecules (Sá nchezCamacho and Bovolenta, 2009). These findings suggest that Neucrin may function as a repulsive guidance molecule by inhibiting Wnt signaling in zebrafish.
4.
Experimental procedures
Fish maintenance
Zebrafish (Danio rerio) were maintained, embryos were cultured, and the developmental stages of embryos were determined as described (Nakayama et al., 2008) .
Identification of zebrafish neucrin
Zebrafish neucrin was identified in a homology-based search of zebrafish genomic DNA and cDNA sequences in nucleotide sequence databases (GenBank) with the amino acid sequence of mouse Neucrin ). The full-length cDNA of zebrafish neucrin was isolated by polymerase chain reaction (PCR) with zebrafish embryo cDNA as a template and cloned into pGEM-T.
The mapped positions of genes on the chromosomes were obtained from Ensembl Genome Browser.
Whole mount in situ hybridization
Whole mount in situ hybridization was performed using zebrafish embryos as described . Digoxigenin-labeled RNA probes were synthesized by in vitro transcription using T7 or SP6 RNA polymerase. A zebrafish neucrin probe was synthesized using the full-length neucrin cDNA-containing plasmid. Other probes used were zebrafish sp5-like (sp5l) (Zhao et al., 2003) , ngn1 (Korzh et al., 1998) , neurod4 (Wang et al., 2003) , isl1 (Inoue et al., 1994) , otx2 (Mori et al., 1994) , krox-20 (Oxtoby and Jowett, 1993) , nkx6.2 (Guner and Karlstrom, 2007) , pax7a (Seo et al., 1998) , rx3 (Chuang et al., 1999) , axin2 , cyclin D1 (Yarden et al., 1995) , ntla (Schulte-Merker et al., 1992) 
4.4.
RNA injection into zebrafish embryos
The entire coding region of zebrafish neucrin or wnt8a cDNA (Lekven et al., 2001 ) was inserted into a vector DNA, pCS2+. Capped zebrafish neucrin, wnt8a or gfp RNA was synthesized using an mMESSAGE mMACHINE kit (Ambion) from a linearized pCS2 + containing neucrin cDNA or wnt8a cDNA. neucrin RNA (250 pg) or wnt8a RNA (2.5 pg) was injected into zebrafish 2-to 4-cell embryos. For the co-injection of neucrin RNA with wnt8a RNA, the two were mixed prior to injection.
Injection of morpholino oliogonucleotides into zebrafish embryos
Morpholino oligonucleotides (MOs) were synthesized by Gene-Tools, LLC (Corvallis, OR). Their sequences were as follows: splice-site-targeted neucrin MO1, the antisense sequence (25 bases) of which corresponds to that between intron 1 and exon 2 of the coding region, 5'-gagatcccctaggagaaaaagataa-3'; splice-site-targeted neucrin MO2, the antisense sequence (25 bases) of which corresponds to that between exon 1 and intron 1of the coding region, 5'-gaaaatctctattacctttacctcg-3'; universal control MO, 5'-cctcttacctcagttacaatttata-3'. tp53 MO was reported previously (Gerety and Wilkinson, 2011) . MOs were diluted in Danieau buffer (Nasevicius and Ekker, 2000) . neucrin MO1 (6.7 lg/ll), neucrin MO2 (13.4 lg/ll) and control MO (6.7 lg/ll) were injected at a volume of 0. 25 nl into four central blastomeres of 16-cell embryos. tp53 MO (13.4 lg/ll) was injected at a volume of 0. 35-0.4 nl into 2-cell embryos.
To determine its efficacy, neucrin MO1 (6.7 lg/ll) or neucrin MO2 (13.4 lg/ll) was injected in a volume of 0.9-1.0 nl into 2-cell embryos. RNA was isolated from wild-type, neucrin MO1, or neucrin MO2-injected embryos at 12 hpf. cDNA was amplified from the RNA by RT-PCR using the following primers (5' primer / 3' primer): neucrin, 5'-cctgtgtttgaaaatggtggct-3' / 5'-tgccgtggttaccaaaataggg-3' (631 bp fragment) and zebrafish elongation factor 1-a (ef1a) .
qRT-PCR
Total RNA was extracted from uninjected or neucrin MO1or RNA-injected embryos at 11 hpf using an RNeasy Mini Kit (QIAGEN). cDNA was transcribed from the RNA as a template with Molony murine leukemia virus reverse transcriptase. cDNA from each group was analyzed for axin2 and cyclin D1expression using qRT-PCR and normalized to ef1a. qRT-PCR was performed on Thermal Cycler Dice Real Time System (TaKaRa) using the THUNDERBIRD SYBR qPCR Mix (TOYOBO) and the following primers (5' primer / 3' primer): axin2, 5'-gtcagcagattgactctgca-3' / 5'-ggattcacatgactggggtt-3', cyclin D1, 5'-cgtgtcaggaacagatcgag-3' / 5'-tcaaatgttaatgtctctgacgt-3'and ef1a, 5'-agaagatcggctacaaccat-3' / 5'-attaccctccttgcgctcaa-3'. All data were given in terms of relative mRNA expressed as the mean ± S.D. The statistical significance of differences in mean values was assessed with Student's t-test.
Sectioning
Embryos were fixed in 4% paraformaldehyde, dehydrated in ethanol, embedded in Technovit 7100 (Heraeus Kulzer, Wehrheim), and cut into 4-lm sections. The sections were stained with 0.5% Toluidine Blue in a 1% sodium tetraborate solution. Fixed embryos were transferred to 20% sucrose in phosphate-buffered saline, mounted in OCT compound, and sectioned at 16 lm.
H3P antibody staining, TUNEL labeling and immunohistochemistry
Proliferating and apoptotic cells were detected using a rabbit polyclonal anti-phosphorylated histone H3 (H3P) (Upstate Biotechnology) antibody and the DeadEnd TM colorimetric detection kit (Promega), respectively . For cell counts, the stained embryos were embedded in Technovit 7100 and cut into 4 lm sections. The ratio of positive cells to total cells was scored by counting the number of cells in the transverse sections of brain. Three sections from three embryos were examined for each sample. Data are expressed as the mean ± S.D. The statistical significance of differences in mean values was assessed with Student's t-test.
Whole mount immunostaining was performed as described previously (Wolman et al., 2004) . Primary and second antibodies were rabbit anti-5HT (1:1000; ImmunoStar) and Alexa 488-conjugated anti-rabbit IgG antibody (1:500; Molecular Probes), respectively.
Cell transplantations
The transplantation of cells was performed as described (Koshida et al., 1998) . Donor embryos injected with capped neucrin RNA were labeled by injection of a rhodamine-biotin mixture (Molecular Probes). At the late blastula stages between the sphere stage to 30% epiboly, donor cells were transplanted into the animal pole region of host embryos.
